Hart EC, Head GA, Carter JR, Wallin BG, May CN, Hamza SM, Hall JE, Charkoudian N, Osborn JW. Recording sympathetic nerve activity in conscious humans and other mammals: guidelines and the road to standardization. Am J Physiol Heart Circ Physiol 312: H1031-H1051, 2017. First published March 31, 2017; doi:10.1152/ajpheart.00703.2016.-Over the past several decades, studies of the sympathetic nervous system in humans, sheep, rabbits, rats, and mice have substantially increased mechanistic understanding of cardiovascular function and dysfunction. Recently, interest in sympathetic neural mechanisms contributing to blood pressure control has grown, in part because of the development of devices or surgical procedures that treat hypertension by manipulating sympathetic outflow. Studies in animal models have provided important insights into physiological and pathophysiological mechanisms that are not accessible in human studies. Across species and among laboratories, various approaches have been developed to record, quantify, analyze, and interpret sympathetic nerve activity (SNA). In general, SNA demonstrates "bursting" behavior, where groups of action potentials are synchronized and linked to the cardiac cycle via the arterial baroreflex. In humans, it is common to quantify SNA as bursts per minute or bursts per 100 heart beats. This type of quantification can be done in other species but is only commonly reported in sheep, which have heart rates similar to humans. In rabbits, rats, and mice, SNA is often recorded relative to a maximal level elicited in the laboratory to control for differences in electrode position among animals or on different study days. SNA in humans can also be presented as total activity, where normalization to the largest burst is a common approach. The goal of the present paper is to put together a summary of "best practices" in several of the most common experimental models and to discuss opportunities and challenges relative to the optimal measurement of SNA across species.
OVER THE PAST SEVERAL DECADES, the importance of sympathetic nerve activity (SNA) in the control of human cardiovascular function has become increasingly clear. Elevations in SNA have important roles in the pathophysiology of essential and renovascular hypertension as well as chronic kidney disease and congestive heart failure. From a physiological perspective, the sympathetic nervous system is of considerable interest, as it transmits patterns of information embedded in frequencies of nerve firing that provide fine regulation of blood flow, perfusion pressure, cardiac output, and release of hormones such as renin.
From the earliest recordings of postganglionic sympathetic nerves in anesthetized rabbits and decerebrate cats by Adrian et al. (1) in the 1930s, the distinctive patterns of respiratory and cardiac coupling revealed that adaptation of brain centers controlling SNA occurred at a rapid rate and that SNA was never really "steady." Importantly, different vascular beds receive levels of activity influenced by different afferent and central signals. Thermoregulatory information controls SNA to skin, as does the level of oxygen, whereas baroreceptor input appears to have less influence (103) . In contrast, muscle, renal, splanchnic, and cardiac SNA are strongly influenced by baroreceptors and chemoreceptors (56) . Thus, recordings of sympathetic nerves were recognized to reveal a dynamic window into the workings of the cardiovascular and thermoregulatory systems.
Although many studies extended these findings to other species, including rats and mice, the impact of anesthesia on cardiovascular and autonomic function has limited the usefulness of the technique. Kirchner (64) described the first recordings from an unanesthetized cat by means of chronically implanted electrodes embedded into a Plexiglas block and noted marked differences in SNA between sleep states and during emotional stress. An improved design came from the work of Schad and Seller (105) , who described a method of embedding a spiral Teflon-coated platinum wire electrode in a silicone gel. Ninomiya et al. (95) developed a cowskin collagen electrode in cats. The signal was amplified by a differential amplifier, filtered between 60 and 600 Hz, rectified, and integrated. Higher success rates and longer recordings were achieved by Dorward et al. (29) in conscious rabbits with the main difference being that the electrode was a platinum or stainless steel spiral and sutured to the renal artery rather than the muscle. A similar electrode design was developed for chronic recordings of cardiac SNA in conscious cats with studies conducted between 4 and 11 days after implantation (112) . Techniques have been miniaturized and applied to recordings of SNA in conscious rats and mice (46, 88) . In sheep, sharpened insect pins were used as needles to pass through the renal or cardiac nerve sheath to access the nerve fibers and were held in place by glue with leads exteriorized through an incision to be connected later for recording when the animal was conscious (81) . A major development in the last decade has been the use of radiotelemetry to record SNA in conscious unrestrained animals in their home cage compared with the laboratory environment. These have been applied in rabbits (5) and rats (87, 129) . Particularly striking has been the development of simultaneous recordings from SNA to more than one region in conscious rats (87, 129) and in conscious sheep (98) . Additional methods have been developed for recording SNA in conscious mice (46) .
In the mid-1960s, Karl-Erik Hagbarth and Åke Vallbo (114) developed the technique of microneurography to record SNA in humans. Sympathetic neural recordings were documented from nerves containing muscle afferent (44) , muscle efferent (45) , skin afferent (113) , and skin efferent (23) fibers. A historical perspective of the development and early progression of microneurography has been previously documented (115) , and there are several recent reviews outlining various technical aspects of the approach (19, 71, 126) .
As described below, microneurography involves the percutaneous insertion of tungsten microelectrodes in superficial nerves [primarily the peroneal (fibular), median, or radial nerves] and the direct recording of neuronal electrical activity. The activity [usually muscle sympathetic nerve activity (MSNA)] can be analyzed as single units or as an integrated multiunit recording. The high impedance of the electrode ensures that only active fibers near the electrode tip are recorded. A separate, and somewhat more invasive, method to measure SNA in humans is the norepinephrine spillover technique, which provides excellent estimates of SNA directed to specific vascular beds not accessible to microneurography in humans (i.e., renal, cardiac, and cerebral) (31) (32) (33) . However, norepinephrine spillover does not provide significant temporal resolution of patterns of SNA. The present discussion related to humans will focus primarily on the measurement of SNA using microneurography.
Although there have been several recent reviews that have independently covered technical aspects of sympathetic recordings in humans (126) and animals (42, 107) , the goal of the present discussion is to bring together current state-of-the-art techniques and recommendations for recording and analyzing SNA in several species. We attempt to provide a comprehensive summary of best practices, highlighting parallels across species, as well as technical and interpretational challenges. We recognize that more than one technique to record SNA could provide significant extra information regarding sympathetic mechanisms of disease. An additional aim of this guide is to highlight differences in the information contained in sympathetic recordings in humans and other species.
Measurement of SNA in Humans
Multiunit recordings of SNA. PARTICIPANT PREPARATION AND LABORATORY CONDITIONS. Before recording SNA in humans, it is recommended that preparation of participants be standardized to allow for reliable comparisons to be made 1) between participants, 2) between preintervention and postintervention (when SNA is measured on different days), and 3) among different laboratories recording SNA.
Acute alcohol and caffeine intake both induce increases in MSNA (20, 100) , while smoking has been shown to change MSNA (93, 94) . Therefore, it is recommended that participants refrain from alcohol, caffeine, and smoking for a minimum of 12 h before an experiment. Since intense physical activity has mixed effects on resting MSNA after exercise (101) , it is also recommended that participants abstain from intense exercise for a minimum of 12 h before any studies. Additionally, a large meal causes increased MSNA, which appears to be sustained 90 min into the postprandial period (21) . Therefore, it is recommended that microneurography studies not be started until at least 3 h after a meal. Given that female sex hormones appear to have an effect on resting MSNA in eumenorrheic women (89) and women taking oral contraceptives (50, 90) , it is suggested that women of childbearing age be studied during the same hormone phase of their menstrual cycle. Finally, before recording resting MSNA, all participants should be asked to void their bladder (34) .
Laboratory conditions should be kept within a tight range to ensure reliability and validity of sympathetic recordings. Variations in ambient temperature can cause changes in MSNA (35) and skin SNA (SSNA) (6) ; thus, ambient temperature should be kept between 21 and 24°C. To avoid activation of SNA via environmental disturbances, all recordings should be completed during quiet rest. Background noise should be kept to a minimum; however, the participant should not fall asleep (54) .
TECHNICAL ASPECTS OF RECORDING. Microneurography in humans involves insertion of a tungsten microelectrode transcutaneously into a postganglionic sympathetic nerve bundle. Typical nerves accessed via microneurography include the peroneal and tibial nerves of the lower leg and the radial, median, and ulnar nerves of the arm. The tungsten electrode is tapered with a tip diameter of~5 m and a shaft diameter of 100 -200 m and is of varying lengths to allow for a range of depths required to access various peripheral nerves. Each tungsten electrode used to record SNA is epoxy insulated except for the electrode tip, which remains uninsulated. The epoxy insulation can be of varying levels, allowing for a range of electrode impedances (range: 50 k⍀ to 10 M⍀; typically 1-2 M⍀ at 1 kHz) that impact the area of the recording. For example, higher electrode impedance results in a smaller recording volume within the nerve fascicle, allowing a more focused recording. This ultimately results in the ability to assess single-fiber recordings in addition to the more traditional multifiber recordings (74) .
Tungsten is the metal of choice because its electrical (conduction) and mechanical (thin, stiff, and nonbrittle) properties are ideal for percutaneous insertion of the nerve. In addition to the active electrode used to record sympathetic activity, a noninsulated electrode is inserted~1-2 cm from the active electrode to serve as a reference for the electrical signal. The active and reference electrodes are attached to an electrically isolated preamplifier that amplifies the signal before being routed to a main amplifier, where it is amplified further (total gain:~50,000 -100,000). The signal is typically band-pass filtered at 700 -2,000 Hz, full wave rectified, and displayed as a mean voltage neurogram. Most often the signal is integrated at a time constant of 0.1 s, but it can also be root mean square processed. When heart rate is high and approaching 100 beats/min, it is recommended to use a shorter time constant for integration, to prevent the appearance of fused bursts when measuring MSNA.
Efferent SNA to muscle (MSNA) and skin (SSNA) have several distinct features that make it possible to distinguish between the two signals on the mean voltage neurogram that is displayed in real time. The more commonly recorded MSNA is characterized by pulse-synchronized burst pattern in which a burst occurs~1.3 s after an electrocardiogram R wave ( Fig. 1 ) (22) . Importantly, MSNA burst confirmation should be facilitated by asking the subject to perform a voluntary end-expiratory apnea, which elicits chemoreflex-mediated increases in MSNA. MSNA does not increase in response to a sudden startle stimulus, such as a yell or loud clap. In contrast, SSNA is not pulse synchronized, and the burst shape is much more variable. SSNA bursts are often (but not always) longer, broader, and shallower compared with the sharp, distinct MSNA morphology (Fig. 2) . Moreover, a sudden startle stimulus (e.g., yell or clap), as well as light stroking of the skin, elicits marked increases in SSNA. It is imperative to perform these auditory and physical confirmation tests before proceeding with a MSNA or SSNA experiment to ensure that only one signal (MSNA or SSNA) is being recorded. SSNA is under minimal baroreflex control and participates only minimally in blood pressure (BP) regulation (43) . Thus, when a research question is primarily focused on the sympathetic regulation of BP, MSNA should be recorded; when measuring thermoregulatory control of skin blood flow, SSNA should be recorded (see also cautionary notes below regarding quantification and interpretation of SSNA signals; 131). Anatomically, the skin and muscle nerve fascicles are in very close proximity to one another, and fibers from one type may cross over to the other type of fascicle. Such crossover becomes more common in more proximal recording sites. Because of these anatomic features, it is possible to have both MSNA and SSNA signals mixed within the same neurogram. This can and should be avoided since having both signals interferes with burst detection, quantification, and mechanistic interpretation. A: a poor-quality recording with a very poor signal-to-noise ratio. B: a good-quality recording during normal sinus rhythm; the arrow indicates the R wave that is linked to the inhibition of the burst (baroreflex latency ϭ 1.2 s for that burst). C: MSNA during the development of spontaneous bigeminy in the same female participant (in the same recording session). During normal sinus rhythm (B), MSNA was~42 bursts/min compared with 24 bursts/min during spontaneous bigeminy (C). BP, blood pressure.
IDENTIFYING AND QUANTIFYING MULTIUNIT SNA. Burst identification. Burst identification for MSNA is typically initiated through a variety of commercially available or customized software programs that require a minimum 3:1 signal-to-noise ratio, where bursts occur~1.3 s after the previous R wave within a search window of~0.5 s. Peripheral sympathetic conduction velocity is fairly consistent across subjects (115) ; thus, the interindividual variability of "burst latency" depends on other factors and primarily on subject height. The greater the subject height, the greater the burst latency (37) .
First automated burst detection is completed using a data analysis program [e.g., Spike 2 (Cambridge Electronic Design, Cambridge, UK), WinCPRS, or custom-made software], where a minimum amplitude is set for burst detection (e.g., bursts that are 2ϩ SDs above the noise). The program automatically marks the bursts to be included in the analysis. A trained investigator must then examine the entire signal for unidentified bursts or inaccurately identified bursts. The latency of a multiunit burst is inherently associated with its size, where a larger burst has a faster latency. This may, in part, be related to the "size principle" where recruitment of bulbospinal fibers with faster conduction velocities may occur as the intensity of the sympathetic burst becomes greater (116) . Therefore, a useful way to determine whether bursts have been marked correctly is using a scatterplot of latency versus burst amplitude. Any bursts outside the SE should be checked for shape, size, and latency to consider whether this is a burst or not. The investigator must also take into consideration any electrical shift of the baseline of the recording as that can interfere with automated MSNA analyses using burst amplitude or area (limitations associated with burst area/amplitude are discussed below). Finally, there are instances where the signal quality degrades or there is increased noise due to tension of the limb of interest (leg or arm); this is in part due to the addition of electromyographic (EMG) activity to the neurogram. Such changes are typically the result of discomfort or an induced autonomic stress maneuver (i.e., cold pressor test, mental stress, etc.). Accordingly, there is always a subjective aspect to burst analysis. There is even greater subjectivity with SSNA burst identification (23) , where bursts are not pulse synchronized and have more varied burst morphology than MSNA bursts.
To avoid excessive variability and minimize bias in burst identification, a single investigator should be responsible for burst detection of an entire study and should remain blinded to the condition or treatment until burst detection is complete. However, in the end there is no substitute for a high-quality neurogram that reveals signal-to-noise ratios much larger than the minimum 3:1 ratio for MSNA (often Ͼ10:1 ratio for larger bursts) and low baseline noise and definitive boundaries for SSNA analysis.
Quantifying SNA. After a recording site has been identified, the subject should relax for~10 -15 min. Then, to quantify resting MSNA or SSNA, it is generally recommended to record for Ͼ5 min during quiet supine or semisupine rest. The resting value is then derived as the average MSNA or SSNA over this time period. Because of the pulse synchronicity of MSNA, the most accepted method to quantify MSNA is calculation of burst rate over the recorded time period, which is expressed as bursts per minute (burst frequency) and bursts per 100 heart beats (burst incidence) (18, 39, 48, 109, 117) .
Burst frequency reflects the average SNA that the vascular smooth muscle is exposed to over a specified time period. Burst incidence, on the other hand, reports how often bursts occur in relation to the available number of heart beats. Both ways of quantifying burst rate/occurrence should be reported. An increase of burst frequency may be due to an increased burst incidence or an increased heart rate or a combination of both. However, as White et al. (126) has emphasized, changes in bursts per 100 heart beats should sometimes be interpreted with caution. For example, during an intervention where there is a disproportionately larger increase in heart rate versus the number of bursts, this would indicate that there was a large decrease in MSNA, when the amount of bursts in a minute Fig. 2 . Temporal patterns of MSNA and skin SNA (SSNA) before, during, and 30 min after temporary baroreceptor deafferentation, completed by bilateral local anesthesia of glossopharyngeal and vagus nerves in the neck. Note that cardiac rhythmicity in MSNA gradually disappears (during bilateral block) and returns after anesthesia (together with associated changes of BP and heart rate). Numbers below the BP record indicate seconds after bilateral anesthesia. Data are from Fagius et al. (38) .
increased [for a review, see White et al. (126) ]. In this case, whether the decreased burst incidence actually reflects a decrease in central sympathetic neural firing is unclear. Regardless, if the number of bursts in a certain time period (e.g., a minute) is increased, then the vasculature is likely exposed to increased norepinephrine during that period of time.
Less frequently used methods of quantifying resting MSNA are based on burst strength. This involves using the area or the amplitude of a burst. Before using these variables to quantify MSNA, the neurogram must be calibrated/normalized to avoid errors in quantification based on intertest variations in the mean voltage of the neurogram. For example, in one test session the electrode may be very close to an active bundle of muscle sympathetic fibers, providing a large mean voltage, whereas in a subsequent or separate test session the recording electrode may be farther away from the bundle fibers, causing a lower mean voltage. Typically, the largest burst in the neurogram during a baseline recording is assigned a peak value of 100 or 1,000 arbitrary units (AU), and a period where there are no bursts is assigned a value of 0 AU. The mean amplitude of the bursts in the baseline neurogram is then calculated. To use burst area, the start and end of each burst should be marked, and the area of each burst is then calculated using the integral between the two time points. The mean area and total integrated activity (total MSNA) can then be calculated (126) . As noted below, however, total MSNA at rest should not be used for comparison between individuals or groups.
Kienbaum et al. (63) evaluated spontaneous baroreflex control of MSNA in two ways: by examining the relationship between BP and the percent chance of burst occurrence and by examining the relationship between BP and the "strength" (area) of a burst. Whereas there was a consistent and strong relationship between burst occurrence and BP, the relationship between burst strength and BP was only significant~50% of the time. They concluded that there are likely two central sites that control SNA in humans: one controlling whether a burst occurs or not and the other controlling the strength of the burst. The differential control of burst occurrence and strength of a burst certainly occurs in other mammals such as rats (24) , cats (77) , and sheep (99) . Thus, expressing data as only burst occurrence may decrease the total amount of mechanistic information in a given report.
There are, however, several limitations in using methods of burst strength to quantify resting MSNA. First, this analysis should only be completed on high-quality neurograms where the signal-to-noise ratio is high and it is clear that the electrode has not moved from the original site. This analysis should also be avoided when there is interference from motor units. Additionally, measurement of variations in burst strength and total activity should be confined to interventions that are completed during the same recording. Thus, comparing baselines among individuals, or within the same individual across different test sessions, should not be done because of unquantifiable differences in electrode position relative to the neurons being measured. However, comparing changes in total MSNA during an acute laboratory stress (i.e., mental stress, cold pressor test, lower body negative pressure, etc.) is appropriate, although conclusions may be influenced by the choice to quantify as absolute or percent change (39, 126) .
Although the present discussion is focused on sympathetic recordings related to BP regulation, it is pertinent to briefly mention how resting SSNA is typically quantified. After normalization of the neurogram, SSNA is normally expressed as the total area under the mean voltage neurogram (92, 108) . A change in SSNA during an intervention is calculated as the percent change in the total area of the mean voltage neurogram relative to baseline (92) . Because the SSNA signal in humans is irregular and can incorporate numerous nerve types (sudomotor, pilomotor, and vasomotor) involved in more than one type of response (startle reflex, thermoregulation, etc.), it is important to use appropriate caution when collecting, interpreting, and reporting data involving SSNA (131) . Because of these issues, absolute values for SSNA should not be compared between groups.
Quantifying MSNA and cardiac arrhythmias. Cardiac arrhythmias can lead to difficulties in quantifying MSNA, and it is particularly important to consider in subsets of patients where arrhythmias are prevalent. Currently, there are no recommended approaches to dealing with cardiac arrhythmias during MSNA analysis, and this is an area that needs work, particularly because of the wide range of arrhythmias that can occur. The most common arrhythmia that can affect MSNA quantification is premature ventricular contractions (PVCs), particularly when they occur in patterns leading to bigeminy and trigeminy. The problem with PVCs and MSNA quantification is whether to count the PVC as a heart beat and the reflex change in BP that PVCs induce. A PVC typically leads to one wide burst occurring, which causes an increase in BP in the next heart beat. When trigeminy or bigeminy occurs, the BP can become labile, limiting the number of bursts per minute ( Fig. 1 , B and C). When comparing preintervention and postintervention recordings when PVCs are present in one recording only can lead to detecting a pseudochange in MSNA incidence or frequency. When there are a limited number of PVCs present within a recording, we recommend cutting out that section of the recording in the analysis (i.e., the 6 -8 cardiac cycles and the associated part of the neurogram before and after the PVC). When PVCs occur frequently, for example, during periods of bigeminy or trigeminy, the change in BP during this time has a powerful influence on burst firing pattern ( Fig. 1) , and, therefore, these recordings may need to be excluded from the overall analysis. Another common arrhythmia is atrial fibrillation. MSNA is difficult to quantify during periods of atrial fibrillation and should not be included in analyses. Performing a resting ECG before starting MSNA acquisition may help identify participants who should not be included in the main data set.
Reproducibility of multiunit MSNA recordings. Previous studies have shown that the level of resting MSNA (burst incidence) in the supine position is highly reproducible within individuals (36, 39, 41, 109, 127) . Importantly, the level of MSNA (burst frequency) recorded in the peroneal nerve is equivalent to that recorded in the radial nerve (102) . Additionally, the level of MSNA recorded in the peroneal nerve is proportional to norepinephrine spillover measures of SNA directed to the heart (118) and renal (122) vascular beds during supine rest.
SUCCESS RATES AND SAFETY. The microneurographic technique, as well as the associated burst detection and subsequent analyses, requires extensive training from an independent and highly skilled microneurographer with a minimum of 1 yr of experience (preferably more). In the authors' laboratories, ~80% of recordings are successful (the ability to implant, find, and keep an adequate recording). Recommended qualifications and safeguards for microneurography have been previously outlined (30) . It is typically recommended that repeated measurements from the same nerve should be made at a minimum of 1 mo apart. If repeated measurements are needed at an interval of Ͻ1 mo, the opposite limb should be used to make a recording.
Single-unit recordings. TECHNICAL ASPECTS OF SINGLE-UNIT RECORDINGS. Search procedure. The initial step in single-unit recordings is to find a multiunit site, the target zone of which is characterized in a standard way (see above). Next, the experimenter makes minute electrode adjustments and, after each adjustment, carefully inspects the original or discriminated neurogram, at rest and after suitable test maneuvers, with the aim of detecting possible high-amplitude sympathetic spikes. Because of the anatomic arrangement with a number of C fibers lying close together inside Schwann cells, the electrode will never record activity selectively from only one sympathetic fiber. Instead, the aim of the search is to find a site in which the action potentials from one fiber will have amplitudes that appear (visually) to be clearly higher than those of other fibers (Fig. 3) .
Electrode impedance. Because of the anatomic arrangement of the fascicles, the yield of single units in a recording is likely to increase with small selective electrode tips (i.e., highimpedance electrodes). On the other hand, electrodes that are too selective have practical disadvantages (alternating-current noise and difficulty in finding active fibers), so impedances (before skin penetration) from a few up to 10 M⍀ are usually considered adequate. To the authors' knowledge, no systematic studies have been conducted to evaluate optimal electrode impedance for single-unit recordings. Such studies would have to include impedance data from before skin penetration, in recording sites and at the end of the experiment.
Analysis of spike shape. In a given electrode site, all action potentials generated by a single nerve fiber have an identical waveform (usually triphasic with a large negative component for vasomotor but sometimes biphasic for sudomotor neurons; Fig. 3 ). Therefore, the hallmark of a successful single-unit recording is that inspection of individual spikes and superimposition of all spikes in question demonstrate waveform similarity (72, 74) . Activity in other fibers is best recognized by the potentials having different amplitudes in the microneurographic record. Occasionally, activity in more than one single fiber can be identified in the same electrode site; in such cases, more than one group of reproducible potentials can be distinguished (each group with its own distinct amplitude). A weakness of the visual superimposition analysis is the low signalto-noise ratio in single-unit recordings. When the identity of a waveform is assessed, the noise may occasionally create uncertainty as to whether or not an individual spike should be accepted in a group.
Quantitative analysis of spike shape. To date, the identity of a waveform has almost always been assessed visually in single-fiber recordings. Recently, however, a more quantitative analysis incorporated the steepness of the main negative component as well as spike duration to distinguish action potentials from different fibers (119) . Such quantitative potential analyses are likely to increase quality and yield of fibers in the analysis of future single-unit studies. HOW TO QUANTIFY SINGLE-UNIT ACTIVITY. Since postganglionic sympathetic neurons discharge very irregularly, firing in an individual fiber may be characterized both by mean firing frequency and instantaneous firing frequencies (equal to inverse of interspike intervals). Rest periods of 3-to 5-min duration are typically analyzed. Since many neurons show a degree of cardiac rhythmicity, it has also proved useful to quantify fiber firing rate by relating it to cardiac interval by using the following parameters: 1) firing probability (equal to the percentage of cardiac intervals in which a given neuron is active) and 2) number of spikes per cardiac interval (72, 74) .
This terminology indicates that differences in the strength of multiunit sympathetic activity (i.e., the number and the intensity of multiunit bursts) may be brought about in two ways: by differences in 1) the number of active neurons or 2) the mean firing frequency of the neurons (or a combination of both). A difference in mean firing frequency may, in turn, be due to 1) a difference in firing probability of active neurons or 2) a difference in the number of spikes the neurons discharge within the bursts (or a combination of both). The usefulness of relating firing to cardiac interval is illustrated by the fact that in some diseases, sympathetic excitability is altered, the result being a change of the distribution of spikes per cardiac interval (3, 55, 73) .
INFORMATION CONTENT IN SINGLE-UNIT AND MULTIUNIT
RECORDINGS. Single-unit and multiunit recordings of SNA provide different types of information. Muscle nerves seem to contain only vasoconstrictor fibers, and at recumbent rest the strength of multiunit activity in leg muscles (expressed as number of multiunit bursts in the mean voltage neurogram) is reproducible from day to day over several years (36) . On the other hand, there are large reproducible interindividual differences in strength of activity. Since multiunit neurograms from different arm and leg nerves exhibit parallel behavior, it has been suggested that a multiunit record provides a measure of the strength of sympathetic vasoconstrictor activity to all skeletal muscles. There is also evidence that the interindividual differences in resting MSNA correspond to similar interindividual differences in resting sympathetic outflows to the heart and kidney (67, 118, 122) . Fascicles containing fibers that innervate the skin may contain several types of sympathetic nerve fibers (e.g., vasoconstrictor, sudomotor, and piloerector fibers) that often make it difficult to quantify multiunit activity in a meaningful way.
A single-unit record, on the other hand, provides information about the activity of an individual sympathetic fiber during a period of 3-5 min (72, 74) . The record tells us about the temporal characteristics of unitary firing, i.e., 1) how often a fiber is active; 2) whether a fiber fires multiple spikes in a burst; 3) whether the fiber also fires between bursts; 4) how firing of a fiber occurs in relation to internal factors, such as the cardiac rhythm, arterial BP, or respiration; and 5) how firing occurs in relation to external stimuli.
On the other hand, in healthy subjects as well as in patients with various disease states, there is still no report on the variability in single-unit firing between different segments of prolonged (hours) recordings or over time in repeated recordings in the same person. In addition, with the current type of recording electrodes it will be difficult to sample sufficiently large single-unit materials from individual subjects to allow conclusions on possible interindividual differences of unitary firing. In other words, single-unit recordings cannot be used for reliable assessment of an individual's resting MSNA. Development of new electrode types (e.g., multichannel electrodes) may overcome this limitation.
Recording Multiunit SNA in Conscious Animals
In general, recording SNA in humans is limited to nerves innervating skeletal muscle and skin. Therefore, recording SNA to other targets important in cardiovascular regulation must be conducted in experimental animals. Additionally, animal models of various disease states allow for more detailed, invasive analysis of mechanisms than is possible in human patients. This is typically done using a bipolar electrode placed around a nerve bundle, as shown for the renal nerve in Fig. 4 . A voltage difference between the electrodes is detected as action potentials travel along the axons. When measured for a single axon, this generates a single spike above and below the zero voltage differential. However, since the nerve bundle contains many axons, the signal comprises multiple spikes, or units, the height of which is partially dependent on the spatial relationship between the axon and electrode; axons closest to the electrode generate a larger spike, and those farther away generate a smaller spike. It is important to note that this multiunit recording contains both efferent (Fig. 4 , shown in red) and afferent axons (Fig. 4, shown in blue) . The electrical contact between the nerve and electrode is typically insulated in a medical-grade silicone solution. The multiunit signal is often quantified by first rectifying the raw signal, which flips all the unit activity above the zero potential, and then integrating the total signal such that the rectified-integrated signal is expressed in units of voltage/time (Fig. 4) .
The limitation of this method is that the voltage measured is affected by several variables such as the number of axons in the bundle, their spatial relation to the electrode, the quality of the nerve dissection, and physical differences between electrodes. Moreover, there is not one nerve bundle, but several, and the size and location of these bundles vary among individual animals. As such, not all recordings are conducted using identical numbers of nerve fibers. Taking all of these variables into consideration, the challenge has been to statistically compare the absolute voltage of nerve activity between subjects. To some degree, variability among animals can be reduced by recording from the same nerve bundle (when possible), using the same electrode and amplifier settings, and having the same electrophysiologist conduct all recordings. Details for recording SNA to various targets in several species are described below.
Multiunit recordings of SNA in conscious rabbits. Of all the species that have been used to measure SNA, the rabbit has proved to be particularly suitable because of its relative size, which is small compared with dogs or sheep but large enough to provide easy access for surgical implantation of an electrode around the sympathetic nerve. Rabbits are also placid enough to remain quietly in a box for several hours while recordings are made without restraint or stress. Indeed, recordings of the level of SNA are virtually identical in the laboratory compared with the rabbit's home cage (69) . Furthermore, the method of electrode implantation described by Dorward and colleagues first in anesthetized rabbits (28) and later in conscious rabbits (27, 29, 65) allowed for recordings to be made over several weeks after giving the rabbit several days' recovery, during which time many of the confounding effects of anesthesia (29) and much of the impact of surgery on cardiovascular and circadian rhythms were eliminated (8) . Importantly, one of the main advantages of the rabbit is the long duration of viable recordings that can be made (2, 5, 8, 53) .
ELECTRODE IMPLANTATION. SNA in conscious rabbits is most often recorded from the renal nerve, mainly because of the relatively easy access afforded by a retroperitoneal approach; however, lumbar SNA has also been recorded (62) , and, in some cases, both sites together (97) . The most common electrode is a bipolar design constructed using fine Teflon-coated single-strand or multistrand stainless steel wires (29) . These are placed around the isolated nerve bundle(s) in a spiral or "U" shape. The spiral is preferred for long-lasting recordings because of the lesser pressure the electrode makes when coming in contact with the nerve bundle. To isolate the area from the surrounding tissue, the insulation on the wire remains intact except where the nerve contacts the wire, and the electrode is fixed to a nearby artery or underlying tissue using sutures or tissue glue to prevent movement between the nerve and electrode. The electrode-nerve system is then embedded in a two-part silicone elastomer such as Kwik-Sil (World Precision Instruments, Sarasota, FL). A ground lead is either implanted in nearby tissue or inserted acutely under the skin at the time of recording.
The success of the implantation is quite high (80 -90%) in the hands of experienced and trained operators with consideration of several factors. The operation is best performed in the shortest time possible, which is usually 90 -110 min, but extreme care must be taken not to damage or handle the nerve bundle directly (42) . Importantly, the key to success is to maintain an intact blood supply and venous drainage in the nerve bundle and to separate sufficient length of nerve to allow for a very gradual diversion of the nerve from the artery to its trajectory within the electrode and gel assembly. Minimal gel should be used, and the assembly should be firmly fixed to the artery. Thus, practice to develop the skill and speed to perform the operation will greatly improve the success rate.
SIGNAL PROCESSING. The raw SNA signal recorded from the whole nerve bundle requires amplification (usually 10 -20,000 times) using a low-noise differential preamplifier and bandpass filtering (usually between 50 and 100 Hz and 1-5 kHz) (4, 8, 29, 70) . Importantly, the ground lead is buried under the skin, which reduces noise and interference. In most cases, the signal is rectified and integrated either with a resetting integrator (29) or using a resistance-capacitance "leaky integrator" with a 20-ms time constant (76) . The latter produces a series of peaks (76) , the timing of which is related to the pressure pulse (42) . A root mean square processor can also be used to emulate the leaky integrator (52) . From these data, not only total SNA but also the amplitude of the bursts and their frequency (burst to burst) can be determined (76) . The advantage of this method is that the association of the bursts to the cardiac and respiratory cycles can be determined. Burst height may more closely reflect recruitment of fibers, whereas burst frequency more closely reflects the synchronous firing of active fibers (75) . In addition to the resetting (29, 79) or leaky integrator (76), some groups have also used spike frequency using either hardware or software such as the spike-counting setting available in the MATLAB data acquisition system (70) .
The frequency of data acquisition of sympathetic signals critically depends on which aspect of SNA is to be quantified. For integrated signals, a relatively low frequency of acquisition is recommended, such as between 500 and 1,000 Hz. However, for spike counting or single-unit analysis, much higher frequencies, such as 20,000 Hz, are necessary to capture the shape of the unit to allow for separation of different individual units (12) .
DIFFERENTIATING BETWEEN SIGNAL AND NOISE. A problem that is common to all multiunit SNA recordings is that they must be closely scrutinized to eliminate noise and to separate the real SNA from artifacts. Although visual inspection of the raw Fig. 4 . Representation of the standard method for recording sympathetic nerve activity in a multifiber preparation in a rat. A bipolar hook electrode is placed around the nerve, and the voltage difference between the two electrodes is amplified, rectified, and then integrated. A recording from an intact nerve including both afferent (shown in blue) and efferent (shown in red) nerve activity is shown.
signal is essential, a very useful tool is a high-quality audio monitor with sufficient base frequency response to be able to hear the sound of the bursts that are typical of good recordings (42, 107) . Sharp clicks or noises are likely to be artifacts as is the hiss of white noise, while a SNA burst is more like the sound of a puff of air into a microphone giving a "boompff"-like sound (42, 107) . The presence of an ECG artifact can sometimes be seen in both raw and integrated signals (42) and can be eliminated by increasing the low end of the band-pass filter to 300 Hz (107) . For the most part, the use of the differential amplifier, which determines the potential difference between the signals detected at each recording electrode, mostly eliminates undesirable signals such as ECG and EMG (42) . The latter is often generated by the rabbit moving in the holding box, and these periods in essence need to be eliminated from the analysis during editing. Electrical noise at 50 -60 Hz can be eliminated by careful grounding of the animal, notch filtering, and adequate electromagnetic shielding of the room.
One of the advantages of the leaky integrator is that the signal between bursts can be used as the zero and, as such, the background noise is eliminated from the measured signal. This can be confirmed by silencing the real SNA using a pressor agent to raise BP and provide baroreflex inhibition of SNA (Fig. 5) (42, 107) . As well or alternatively, ganglion blockade is commonly used to estimate the noise level in rabbits (Fig. 5) and can show the presence of an ECG artifact in the signals since these are not eliminated by ganglion blockade. However, even short-acting ganglionic blockers such as pentolinium have an action lasting up to 3 h, and their administration may not be practical. In rabbits, use of the nasopharyngeal response to normalize renal SNA (RSNA) produces a marked bradycardia, and the noise level may be estimated from the quiet period between the large bursts of SNA (Fig. 5) (42) . Although there is good correlation between this estimate of noise and that obtained during ganglion blockade (42) , in some cases SNA between bursts does not return to baseline because of the properties of the leaky integrator. One must make sure that there is adequate time between the bursts of SNA for the integrated signal to reset before the SNA associated with the diastole increases (Fig. 5) .
QUANTIFICATION AND NORMALIZATION. Longitudinal studies permit a within-animal design for different treatments, but often between-animal comparisons need to be made that are not conducive to a randomized crossover design. However, SNA expressed in raw units of voltage cannot be compared between animals because the level of integrated SNA is dependent on both the frequency of burst firing and conditions at the point of contact between electrode and nerve. The proxim-
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Nasopharyngeal Phenylephrine Pentolinium ity of the electrode to the active nerve fibers, infiltration of fluid and inflammatory tissue, and patency of a good blood supply all have a role in determining the size of the signal (10). Thus, there is huge variation in the actual microvolt levels that one can measure from individual animals. The coefficient of variation is~150% for RSNA (9) compared with 9% for BP. Even longitudinal studies are plagued by gradual degradation of SNA over time, which in itself can vary between animals. The solution to the variability among animals has been to try to normalize the values onto an arbitrary but comparable scale. Common methods across many species have been to use either the resting value as 100% (13, 52) , the maximum value after baroreceptor unloading (29, 62) , or the maximum burst height (used mainly in humans). The most common method in the rabbit is to use the nasopharyngeal reflex to near-maximally activate the renal nerve and use this value as 100 normalized units (29) . Although these methods minimize differences due to the physical conditions of the electrode, they are not good at comparing between different groups of animals (or humans).
Recently, the nasopharyngeal normalizing method was further refined to use a 100-ms window positioned at the peak of the sympathetic burst (11) since it more closely resembled the method of using the maximum burst height technique that is used in human MSNA recordings (120). Thus, it was possible to compare the nasopharyngeal reflex normalization with the maximum burst height method (11) . The latter was effective in eliminating most of the effects of different electrode recording condition differences but could not be used to detect differences between animals. In contrast, the nasopharyngeal reflex could be used for comparing groups of animals.
DURATION OF RECORDINGS. In rabbits, a recovery period of at least 6 days is recommended to minimize the effect of anesthesia and surgery on cardiovascular and circadian rhythms. Continued recordings lasting up to 5 wk after electrode implantation are common (2, 5, 8, 53) , but over time the success rate diminishes considerably. There is a time-related decay in signal that is likely due to scarring at the electrode contact combined with death of nerve fibers. Scaling by either the nasopharyngeal reflex, upper baroreflex plateau, or even the resting level of activity abolishes the time-related decay (9). Guild et al. (42) reported that a single rabbit recording lasted at a relatively stable level over 100 days, but this is unusual. Armitage reported that 60% of recordings were viable at 4 wk and 30% at 5 wk; this is the more common experience (2) .
RADIOTELEMETRY IN RABBITS. Telemetric systems have been developed to allow SNA recording chronically in conscious rabbits (5) . Although the components of the recording system, such as transmitters and preamplifiers, differ with this system, the stainless steel wire spirals, which surround the nerve, are the same as those in traditional systems (2, 5) . The levels of SNA in the home cage recorded by telemetry are closely similar to those in the laboratory (69) . The particular advantage of telemetry for SNA is that one can record over 24 h, allowing for examination of the circadian rhythms or other patterns of activity such as those associated with feeding (14) .
Multiunit recordings of SNA in conscious sheep. Recording SNA in large animals is technically challenging, and few studies have been published. Miki and colleagues successfully recorded acute responses of RSNA to head-up tilt and water immersion in conscious dogs in the late 1980s and early 1990s (83, 84), but this work has not continued. The sheep is a docile species that is easier to work with than dogs and has proven to be an ideal species for recording SNA in the conscious state.
TYPES OF ELECTRODES. The sympathetic nerves in sheep have a thicker sheath than nerves in small animals, which makes it difficult to reliably obtain a signal with a large signal-to-noise ratio using electrodes that wrap around the nerve. Therefore, an implantable intrafascicular electrode was developed that gives a good signal-to-noise ratio and is simpler and quicker to implant than wire electrodes that wrap around the whole nerve. This approach has been successfully used to simultaneously record cardiac SNA and RSNA in conscious sheep (7, 58, 98) ; with experienced surgeons, the success rates of obtaining a recording are~80 and~90%, respectively. This type of electrode has also been used to record lumbar SNA in sheep, but the success rate of these recordings is low (10 -20%).
This technique using an intrafascicular electrode is similar to that used in humans, where recording electrodes are inserted into fascicles of the peroneal nerve. In that case, because the nerve innervates both skin and skeletal muscle, the electrode is positioned so that activity to either of these fields is recorded (discussed above). In sheep, it is not possible to pick individual fascicles of the thoracic cardiac nerves because of the small size of the nerves. In the renal nerves, there is no definitive evidence that individual fascicles have functional differences, although this could be the case.
MANUFACTURE AND IMPLANTATION OF ELECTRODES. The electrode is constructed from stainless steel entomological pins (0.05-mm diameter) etched to a fine point, glued with marine araldite into the end of Teflon-coated 25-strand silver-coated copper wire (30 cm long, CZ1174SPC, Cooner Wire, Chatsworth, CA) (124). The exposed tip of the electrode (1.5-2.0 mm in length) is pushed obliquely through the nerve sheath, ensuring that the tip is positioned in the center of the nerve. Up to six electrodes are implanted into the nerve and fixed in place with cyanoacrylate glue. The implantation site is covered with a layer of Kwik-Sil, and the wires are looped and exteriorized through the sutured wound. A stainless steel disk with a ring that protrudes through the skin is implanted subcutaneously and used as a ground.
CARDIAC SYMPATHETIC NERVES. Under general anesthesia, electrodes are implanted in the left cardiothoracic nerves (124) . Briefly, an incision is made above the left fourth rib, the periosteum is opened, and the rib is removed. The thorax is opened and held open with a rib retractor, and the lungs are held back with wet packs. With the use of a binocular microscope the thoracic cardiac nerves are identified, and the fascia over the nerves is removed. Up to six electrodes are implanted as described above.
RENAL SYMPATHETIC NERVES. Under general anesthesia, the left or right renal nerve is exposed via a paracostal, retroperitoneal approach. With the aid of a dissection microscope, the main renal nerve is identified, running along or parallel to the renal artery, and is cleared of surrounding fat. The recording electrodes are inserted into the nerve and held in place with cyanoacrylate glue. The wires are looped and exteriorized through the wound, which is sutured in layers.
RECORDING OF SNA IN CONSCIOUS SHEEP. SNA is recorded in conscious standing sheep at least 4 days after electrode implantation to reduce the effects of surgical stress. It has been shown that heart rate and cardiac SNA (CSNA) decrease to stable levels by the fourth day after surgery (Fig. 6 ). For recording CSNA and RSNA, it is important to complete the experiments in conscious sheep, since under isoflurane anesthesia, CSNA is dramatically reduced, even though BP is decreased, whereas RSNA is increased (unpublished data). This is similar to observations in cats in which anesthesia with pentobarbital caused a greater reduction in CSNA than RSNA and anesthesia with chloralose inhibited CSNA but increased RSNA (78) .
Both CSNA and RSNA are recorded differentially between pairs of electrodes, and for each nerve the pair with the best signal-to-noise ratio is selected. With the use of this technique, signal-to-noise ratios between 4:1 and 8:1 are obtained on the fourth day after surgery, and the signal remains usable (Ͼ2:1) for an additional 7-14 days. The signal is amplified (20,000 times) and filtered (200 -1,000 Hz band pass), displayed on an oscilloscope, passed through an audio amplifier and loudspeaker, and recorded on a computer using a Micro-1401 interface and Spike 2 software. SNA is recorded at 5,000 Hz; this frequency was determined by simultaneously recording RSNA at 2,500, 5,000, 7,500, and 10,000 Hz and counting spikes per minute. There was no observed increase in spikes per minute measured at sampling rates above 5,000 Hz, so this frequency was chosen for future experiments. In a few cases, ECG occurs on the CSNA neurogram, and if this is mild, it can be removed by increasing the low end of the band-pass filter. Occasionally, EMG can be seen and heard on the neurograms, but this cannot usually be filtered out, and as it is usually intermittent, occurring when the animal moves, this part of the record is discarded.
ANALYSIS OF SNA. The resting heart rate in sheep is~70 beats/min, with clearly distinguishable bursts of SNA (Fig. 7) , thus allowing SNA to be analyzed on a beat-to-beat basis, as is done in humans. For each heart beat, a custom-written routine in the analysis program Spike 2 is used to determine diastolic, systolic, and mean arterial BPs and the number of discriminated spikes above threshold between the following diastolic pressures. The threshold is determined by recording activity during infusion of phenylephrine to raise arterial pressure to a sufficient level to abolish SNA. It is also possible to abolish SNA with a ganglion blocker, but sheep tolerate this less well than phenylephrine and take much longer to recover. In Spike 2, the threshold is adjusted to a level such that spikes from small bursts are counted. The threshold for each animal is checked over a 60-s control recording by an experienced investigator to ensure that each burst crosses the threshold and that spikes from the smallest bursts are counted. The entire record is then checked, and inaccurately identified bursts are removed.
These data are used to provide three measures of SNA; 1) total SNA is quantified on a beat-to-beat basis by measurement of the number of spikes above threshold for a set period of time (1-5 min) to determine spikes per second and burst size (spikes/burst), 2) burst incidence (bursts/100 heart beats), and 3) burst frequency (bursts/min). As in other species, studies in sheep have shown differential control of CSNA and RSNA (80) in accord with numerous other studies showing organspecific control of SNA in animals (57, 91) . For example, the resting level of RSNA is much higher than CSNA (Fig. 7) ; intracerebroventricular ANG II or hypertonic saline stimulated CSNA but inhibited RSNA (82, 125); and after hemorrhage, resuscitation with hypertonic saline caused a rapid and dramatic increase in CSNA but no change in RSNA (40) . Such findings emphasize that recordings in one nerve cannot be used as a surrogate for activity in other sympathetic nerves during changes to specific inputs.
Recording SNA in conscious rats. Without question, the rat is the most commonly used species to study the anatomy and physiology of the sympathetic nervous system. However, in a recent report by Kenney and Mosher (60) , it was determined that of the nearly 1,300 publications on studies of SNA in rats between 1981 and 2010, Ͼ1,100 were conducted in anesthetized animals. Moreover, only 10 (Ͻ1%) were conducted in conscious rats 3 days or more after electrode implantation (60) .
Methods to chronically implant electrodes and record renal, lumbar, and splanchnic SNA in conscious rats for periods longer than 3 days have been driven by two laboratories. Miki and colleagues pioneered long-term recording of SNA in conscious rats using a hardwired system and external amplifiers (85-88, 128, 130) . More recently, Stocker and Muntzel have used wireless telemetric recording of renal, lumbar, and splanchnic SNA in conscious rats and eloquently described methods for standardization of surgical approaches and quantification of SNA in conscious rats (107) . Here, we summarize key components of the methods developed by these two laboratories.
ELECTRODES AND SURGICAL IMPLANTATION. The major challenge is the ability to successfully implant the electrode and maintain a stable electrical contact and nerve viability over time. This requires outstanding surgical skills and the proper electrode design and implantation. Electrodes are typically bipolar single-stranded or multistranded Teflon-insulated stainless steel. The basic strategy for electrode implantation is similar to that described above for the rabbit: the nerve is gently dissected, and the bipolar hook is placed around the nerve and imbedded in medical-grade silicone (Kwik-Sil). More specific details have been described by Stocker and Muntzel (107) and Miki and colleagues (85) (86) (87) (88) 130) . Figure 8 shows the basic approach for implantation of lumbar (Fig. 8A) , renal (Fig. 8B), and splanchnic (Fig. 8C) Fig. 6 . Mean arterial pressure (MAP), heart rate (HR), and cardiac SNA (CSNA) burst incidence postoperation (the day of surgery was day 0). Eleven normal sheep were used in total, but data from every sheep were not available for each day. Numbers are as follows: day 1, n ϭ 4; day 2, n ϭ 5; day 3, n ϭ 7; day 4, n ϭ 7; day 5, n ϭ 6; day 6, n ϭ 5; day 10, n ϭ 3. insulation is stripped away from the tip of the electrode, which is then shaped into a hook and placed around the nerve. The electrode is then stabilized by suturing it to a nearby structure such as the aorta.
Once the electrode is in place and stabilized, amplification and recording of the signal is possible in one of two ways: exteriorization of the leads and connection to external amplifiers via an electrical commutator (85-88, 128, 130) or wireless radiotelemetric transmission (107) . In the case of the latter, the body of the transmitter is placed either in the abdominal cavity or subcutaneously.
RECORDING AND ANALYSIS OF SNA. Issues related to the quality of the nerve recording, determination of background noise, and quantification and normalization of multiunit nerve activity are , and splanchnic (C) electrodes as described by Stocker and Muntzel (107) . In all cases, Teflon insulation is stripped away from the tip of the electrode, which is then shaped into a hook and placed around the nerve. The electrode is then stabilized by suturing it to a nearby structure, such as the aorta.
[From Stocker and Muntzel (107) .] similar to those discussed above for rabbits and have been discussed in detail previously (85-88, 107, 128, 130) . Figure 9 shows an example of RSNA measured in a conscious rat (107) . Raw and integrated RSNA are shown before and after the ganglionic blocker hexamethonium (Fig. 9A) or a pressor dose of phenylephrine (Fig. 9C) , each of which results in total suppression of RSNA, thus allowing the determination of background noise. Note the arrowheads indicating this burst frequency, which can also be quantified as shown in Fig. 9 , B and D (107) . As such, SNA can be quantified in several ways depending on the goal of the study. These acute responses are expressed as percentage of baseline or absolute voltage of the integrated signal or normalized to a scale of 0 (background noise) to 100 (maximal SNA in response to a stimulus). DURATION OF RECORDINGS AND SUCCESS RATE. As in other species, chronic measurement of SNA in the rat is a challenge since the signal may fade over time because of a variety of factors. Stocker and Muntzel suggest that the 4-to 6-day recovery period after implantation is the "danger zone" as most investigators have reported that the signal drops to zero iñ 40% of cases (107) . Interestingly, they report that of the rats that are successfully studied beyond this period of time, 80% will maintain a stable recording for several weeks (107) . The single greatest determinant of success rate is the skill of the surgeon who is implanting the electrodes. This fact cannot be overstated. This is likely the explanation for the high rate of success by Miki and colleagues. They have successfully recorded lumbar SNA and RSNA in conscious rats in several studies (85-88, 128, 130) . In addition, these investigators are responsible for the only study, in any species, to continuously record SNA from two different nerves (renal and lumbar) over several weeks during the development of hypertension (128) . However, these recordings were not measured simultaneously in the same animal. Also, it is important to note that this was accomplished using a standard hardwired system, which points out that although wireless recording may be easier, it is not required.
Recording RSNA in conscious mice. Over the past few decades, interest in the mouse as a scientific animal model has increased significantly, and mice have been integrated into almost every facet of biomedical research. This is not surprising considering the similarities in genome and physiological function of the mouse and human as well as the relative ease of targeted manipulation of the mouse genome to investigate complex diseases and physiological functions. Given the integral role of the autonomic nervous system (ANS) in modulating virtually every system in health and disease, evaluation of autonomic tone in experimental mice has been an important goal of physiological research.
The use of mice for physiological studies of ANS function presents several key challenges, in addition to the obvious difficulties associated with their small size. A major challenge lies in maintaining physiological BP over the course of anesthesia, surgical preparation, and nerve recording during experiments that may last several hours (46) . In this respect, the cardiovascular system of the laboratory mouse has proven to be exquisitely sensitive to anesthesia and surgery. It is exceedingly difficult to maintain a stable BP, within the physiological range, when mice are exposed to myriad anesthetic agents, in numerous combinations and doses, as well as the surgery required to implant electrodes needed for recording SNA in organs such as the kidneys. In many of the reported studies of RSNA in anesthetized mice, mean arterial pressure has averaged 60 -80 mmHg, far below the BP in normal conscious mice, which averages 100 -120 mmHg, depending on the mouse strain (59, 110) . The ideal approach is thus to avoid anesthesia altogether and directly record SNA in conscious, freely moving mice with appropriate time permitted to recover from surgery, which has, until recently (46, 47) , not been previously reported. INSTRUMENTATION AND SURGERY. The specialized equipment and surgical methods required for instrumenting mice and for recording RSNA after recovery have been described by Hamza and Hall (46, 47) . Here, we focus on special considerations for successfully applying this technique. It is essential to construct an implantable electrode customized for mice since telemetric technology commercially available for larger species such as the rat have not yet been miniaturized for the mouse. Multiplestranded, Teflon-coated stainless steel wire appears to be optimal compared with the single-stranded variety since the multiple-stranded wire provides more flexibility and translates into better position of the electrode tips without stretching the delicate renal nerve bundle. Another important benefit is increased comfort of the mouse once the wire leads are tunneled out of the abdomen and exteriorized dorsally. As described for recording RSNA in the rat and rabbit, it is best to strip the Teflon coating only at the very tips of the bipolar electrode, which are in contact with the nerve. This helps to minimize electrical noise as well as potential damping of the signal. The optimal configuration of the electrode consists of three wires: two forming the bipolar leads and the third positioned underneath these as the signal reference. Grouping these wires together with polyethylene tubing fixes them in a firm position, which increases the ease by which the electrode tip may be slipped underneath the renal nerve bundle.
A left flank retroperitoneal approach, rather than an abdominal incision, is ideal for access to the nerves of the left kidney in the mouse and improves surgical recovery. During surgery, it is critical to keep the renal neurovascular bundle moist at all times with warm physiological saline to prevent death (and reduced viability) of the nerves. Once a slip of renal nerve is identified with the aid of a stereomicroscope, the best approach is to use straight, fine forceps to carefully isolate a length of the nerve by dissecting the connective tissue on either side of the bundle without pinching, touching, or otherwise disturbing the nerve and associated microvessels. The longer the length of nerve that can be isolated, the better for ease of positioning the electrode, although this will vary among animals. Although it may be tempting to isolate multiple slips of renal nerve that can sometimes be observed coursing along the renal vessels and placing more than one small bundle on the recording electrode, this does not necessarily produce the desired high-quality signal. We recommend committing to one optimal renal nerve bundle and leaving any remaining fibers undisturbed. Once the renal nerve is isolated, gently lift the bundle with angled forceps in one hand and gently slide the electrode tip underneath; at no time during this step should any tension be applied to the nerve. Adjust the position of the electrode such that the nerve bundle makes good contact with both wires and ensure that the third (reference/ground) wire is in good contact with the underlying tissue. This last point is important for the mouse since ECG contamination of the RSNA signal can be problematic and we have found that the ground wire in close proximity to the recording electrodes produces a "cleaner" RSNA signal than when a reference electrode is tunneled into nearby muscle.
Once the electrode is in place, it is also essential to slip a small piece of paraffin film underneath the bipolar leads to further isolate them from underlying tissue. Perhaps one of the most important steps in this technique is to completely dry excess moisture from the nerve and surrounding tissue with small absorbent spears before quickly applying a conservative amount of silicone elastomer to the nerve/electrode unit. Failure to completely dry this area before applying the silicone will result in damping of the signal and an inability to decipher RSNA.
SIGNAL QUALITY AND TROUBLESHOOTING TIPS. At the time of recording, electrode leads, including reference wire, should be connected to a preamplifier/differential amplifier unit, amplified 10,000 times, filtered between 100 and 1,000 Hz, and recorded at 1,000 Hz. The preamplifier and home cage of the mouse should be placed within a grounded Faraday cage, which is effective for eliminating electrical noise. Ideal traces should have clear bursts of RSNA with amplitudes visible above the background noise, the determination of which is described below (Fig. 10) . As in other species, a good method to demonstrate "true" RSNA in the conscious mouse is to intravenously infuse a small bolus dose of phenylephrine to pharmacologically increase arterial BP. This should immediately and dramatically suppress RSNA, with the degree of suppression dependent on the dose of phenylephrine adminis- tered. Phenylephrine injection can also be used to help determine background noise, which can be estimated from the remaining trace upon complete suppression of RSNA. In addition, the postganglionic nature of RSNA can be verified by intravenous injection of a bolus of the ganglionic blocker hexamethonium (50 g/g body wt), although this is best done at the end of the experiment since the effects in the mouse may be long lasting and compromise cardiovascular stability immediately before an experiment. The technology for recording RSNA by radiotelemetry is, unfortunately, not available for mice. The smallest transmitter currently available weighs 13 g and is recommended for animals weighing over 200 g. Further miniaturization of radiotransmitters would advance this field of research. However, it is possible to implant a telemetric BP recording device in the same mouse for simultaneous recording of RSNA with reliable BP (46) . TIME COURSE AND SUCCESS RATE. With appropriate training in this technique, all mice survive and thrive after this surgery with no complications. RSNA can generally be recorded successfully in 80% of the mice for up to 72 h postoperation. However, in our experience, RSNA can be recorded for up to 5 days postsurgery in a small subset of mice. Although allowing ample time for surgical recovery is optimal, this must be tempered with the knowledge that the viability of mouse renal nerves is relatively short compared with that observed in larger rodents. Since the ability to reliably record RSNA in this model tends to decrease with time following surgery, an extended postoperative recovery period of 8 -10 days is not currently possible and we instead recommend a 48-h recovery period before recording a single experiment in the conscious mice. With further refinement of this technique, longer recovery periods may be accommodated in the future without compromising the integrity of the RSNA signal.
SIGNAL ANALYSIS AND DATA PRESENTATION. RSNA can be recorded online using data acquisition systems that also allow analysis of the trace such as PowerLab and LabChart software (AD Instruments). The Spike Histogram module in this software package can be used to discriminate between spikes of nerve activity and background noise (as estimated by suppression of RSNA, as noted above). RSNA can be presented as spikes per second, although there are inherent problems with this method, as described elsewhere in this article. In terms of the mouse, presentation of RSNA as a percentage of baseline minimizes error in evaluating responses both within and between individual animals and groups. Digital integration and rectification of the RSNA signal using LabChart software with a time constant decay of 0.1 s also constitute an option, with data presented as microvolts per second. The latter method may be preferable since it also takes into account increased amplitude of nerve spikes in addition to frequency.
Single-unit analysis in animals. In parallel to the increasing use of recordings of single units of SNA from skin and muscle in humans, there have been several studies in animals. The latter has been made easier by the ability of the neurophysiologist to physically split the nerve into fine bundles containing a few axons, some of which show spontaneous activity. The reason for studying units is that there is increasing evidence that the information differs from the patterns observed in multiunit preparations. For example, in human obesity, greater levels of multiunit activity are recorded compared with control subjects, but single-unit analysis revealed that the greater activity was due to a recruitment of active units rather than a change to firing frequency of single units (66) . In contrast, the effect of hypertension was to increase the firing of already active units (66) . In animal studies, multiunit SNA (whole nerve) quantification in rabbits suggests that higher levels are recorded in angiotensin-induced hypertensive rabbits compared with normotensive rabbits because of greater burst amplitude (68) . However, single-unit analysis revealed that this must have been due to recruitment of inactive fibers as the average unit frequency was less in hypertensive compared with normotensive rabbits (12) . Thus, there is a parallel effect on SNA between the effect of obesity in humans and the effect of hypertension in rabbits. Physiologically, these findings indicate that there are several distinct ways in which the CNS activates the sympathetic nervous system. Thus animal models that show higher SNA may not necessarily reflect neurophysiological mechanisms in humans.
ELECTRODES AND SPIKE SEARCH PROCEDURES. Unlike in humans, all single-unit studies in animals (to date) have been performed under anesthesia, which also can quite dramatically alter the patterns of SNA. Nevertheless, several studies have revealed important properties of single postganglionic units. The search for units starts by cutting the distal end of the nerve bundle, splicing through the nerve sheath, and then splitting the nerve bundles into fine filaments and placing them on a monopolar electrode usually bathed in a mineral oil with a reference electrode piercing the nearby muscle (12, 26) or using a bipolar electrode (25, 61, 104) . Before the split, whole nerve recordings can be made for comparison with the unanesthetized condition (12) . The fibers are split until only a few distinguishable spikes are visible in the recording (25) .
ANALYSIS OF SPIKE SHAPE. To confirm that the spikes being recorded are indeed from one single neuron, it is usual to compare the shape of the action potential. To do this, data acquisition of the signals is required at a very high frequency such as 20,000 Hz, which is~10 -20 times the rate required for an integrated multiunit nerve recording. There are various methods to confirm consistency in the shape of the spike such as using Windows Discriminator (25) or a computer program to analyze action potentials (15) . Recently, a new computer method was developed that assigned spikes to templates that were generated using the Iterative Self Organizing Data Analysis Technique (ISODATA) (111) , which automates the pattern recognition aspect of spike recognition and is necessary when there are many active spikes in the recordings (Fig. 11 ) (12) . Such approaches have been used previously but for spike pattern recognition of brain extracellular recordings (106) . In both cases, high-frequency (20,000 Hz) data acquisition software was used and programed in the LabVIEW graphic language (12) .
QUANTIFICATION OF UNIT ACTIVITY. The basic information is the distribution of basal firing frequencies in units and their linkage to cardiac and respiratory patterns. Many studies have used interventions to determine whether the units are primarily reflective of vasomotor neurons or have other qualities. The consensus is that the vast majority of spontaneously active units are indeed cardiovascular vasomotor being inhibited by baroreceptor activity and showing activation to chemoreceptor activation. DiBona and colleagues found mostly spontaneously active vasomotor units but that~10% nonactive units re-sponded to thermal stimulation (24, 25) . Similarly, in dogs, renal units showed either barodependent or baroindependent activity (61) . However, studies in rabbits found only cardiacrelated vasomotor-type units (12, 26) . So unless the total number of units in the recording is quantified by electrical stimulation, it is not possible to know the number of inactive units. A proportion of inactive units at rest, however, can be activated by a maneuver, which helps with characterizing these units. Thus the characteristics of active units are easily quantified but not all inactive units, and hence the issue of recruitment of inactive neurons cannot be easily determined. This is a fundamental difference between whole nerve and unit analysis.
Frequency histograms can be used to show the distribution of firing of a population of units. Cardiac rhythmicity expressed in percentage can be determined using post-R wave histograms as calculated from the difference between maximum and minimum unit activity, expressed as a percentage of the mean activity (26) . Similarly, the respiratory rhythmicity percentage can be determined by postrespiratory peak. In animal studies it is also possible to perform full baroreflex curves relating BP with unit firing frequency as well as responsivity to chemoreceptor or other afferent signals (26) .
Similarities and Differences Between Human and Animal Recordings of SNA Similarities and opportunities for interspecies comparisons.
Much of the rationale for the use of animal models in biomedical research comes from their applicability to human physiology and pathophysiology. It is ultimately because of this relationship that the more detailed, invasive, and/or mechanistic insight that is possible in animals can help guide research and clinical care of human patients. Physiologically, one of the most generalizable aspects of recordings of vascular SNA across mammals is their participation in BP regulation. Sympathoexcitatory and sympathoinhibitory responses to baroreflex, chemoreflex, and other stimuli in nonhuman models provide important insights into human physiology.
In addition to responsiveness to specific stimuli, baseline levels of SNA and their relationships with hemodynamic variables can also provide important information. Over the past decade, the importance of interindividual variability in SNA, vascular resistance, cardiac output, and BP has become increasingly apparent and has provided important insights into how resting BP is determined in men and women (17, 48, 49) . In a direct comparison between rats and humans, Charkoudian et al. (16) demonstrated that the coefficient of variability (CV) for cardiac output, total peripheral resistance, and arterial pressure was similar between male Sprague-Dawley rats and humans. Interestingly, the CV for mean arterial pressure (0.07) was one-third of that for cardiac output (0.19 -0.21) and total peripheral resistance (0.22-0.24) in both species, supporting the idea that variability in the latter variables supports tighter regulation of BP. These data also provide further support for the rat as a good representation of sympathetic and hemodynamic mechanisms in the human.
In terms of basic neurophysiological control mechanisms, data from both humans and animals support the idea of differential regulation of sympathetic outflow to different regions of the body. In humans, this is shown by the strikingly different patterns of activity and responsiveness between muscle and skin SNA recordings (121, 131) . Additionally, in healthy humans, resting MSNA correlates with norepinephrine spillover estimations of renal and cardiac SNA (118, 122) . In sheep, CSNA and RSNA exhibit different patterns of resting tone in healthy animals, and, as in humans (51), there is a greater increase in CSNA than RSNA in heart failure (98) . In rats, recordings of renal and lumbar SNA have demonstrated differential control at rest and in response to various maneuvers (128, 129) .
Differences and challenges with interspecies comparisons. Methods for quantification of SNA present perhaps the most significant challenge when attempting to compare SNA reports from animals with those from humans. There are at least two reasons for this. First, in regard to SNA directed to the kidney, it is not possible to directly compare between animal and human studies since it is not feasible to record RSNA in humans outside of a surgical setting. Our current knowledge related to RSNA in humans is based on indirect assessment using renal norepinephrine spillover (33) , which provides quantitative, mechanistic information but is invasive and has minimal temporal resolution.
Second, when sympathetic activity to skeletal muscle (MSNA) is recorded in humans (48, 120) , the quantification method is quite different from that used in most animals, in part because of much higher heart rates in small animals. In humans, MSNA is often quantified by the frequency of bursts, either as bursts per minute or bursts per 100 heart beats. This type of analysis can also be done in sheep (98, 123) , and the concept has been explored for rats and rabbits for lumbar, splanchnic, and renal SNA (96, 107) . Interestingly, calculation of bursts per 100 heart beats in rats and rabbits often results in values above 100, indicating that in these species (unlike humans), it is possible to have more than one burst of activity within a cardiac cycle. In humans, each burst of activity represents an individual disinhibition followed by inhibition of SNA by the diastolic and systolic pressure wave of the corresponding individual cardiac cycle. Therefore, the possibility of more than one burst per cardiac cycle in other species deserves further attention, since it suggests important neurophysiological differences in control mechanisms for neuronal activity across species.
Criteria for Validating SNA
As noted above, there is potential in all recordings of SNA for non-SNA "noise" that can confound interpretation. Therefore, it is vital that each SNA recording be validated as a legitimate SNA signal, to minimize the potential for noise or artifact being interpreted as SNA. Thus, a set of criteria must be met to confirm that SNA is being recorded and that the signal is not artifact or a recording from a different fiber type. Table 1 shows the criteria that should be met to validate the signal (at least 4 of the criteria should be met). In short, in all species, the signal should be linked to the cardiac cycle, baroreceptor and chemoreceptor sensitive, inhibited by ganglionic blockade, and in the low-microvolt range. In humans, it is essential to ensure that an MSNA recording does not include SSNA by completing maneuvers that activate SSNA, such as arousal (loud noise), stroking the skin (to check for skin afferents), etc.
Overall Summary and Directions for Future Work
The sympathetic nervous system has a major role in the integrative regulation of cardiovascular function in humans and other mammals. SNA can be recorded in several species, including humans, where it is most commonly recorded as MSNA or SSNA. In conscious rats and rabbits, the most common recording is of RSNA. Recordings of RSNA have also been reported in conscious mice, although this is less common and more technically demanding because of their small size. Both cardiac and renal sympathetic activities have been recorded in conscious sheep. Sheep, because of its larger size and slower heart rate, exhibits patterns of sympathetic neural activity that are more similar to humans.
Over the past several decades, technical advances in our ability to record from sympathetic nerves in several species have opened up unprecedented opportunities for mechanistic insight and facilitated translational research. A similar experience across all forms of SNA recordings has been that the technique must be taught by a person with extensive experience to a pupil who will dedicate enough time to learn not only the "basics" but also the "subtleties" involved in these complex measurements. In addition, since all forms of sympathetic nerve recordings are technically demanding, it is important to delineate and standardize appropriate methods for collection and interpretation of SNA data.
We are fortunate that the community of cardiovascular and autonomic scientists who work with sympathetic nerve recordings is growing. The implications of our work for increasing scientific insights and advancing clinical pharmacology and medical device development have grown exponentially over the past decade, particularly in the fields of hypertension and heart failure. As the demand for information increases, we must strive to meet that demand with careful and rigorous technology, design, and methodology, to provide the highestquality data to the biomedical community. 
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